T here are essentially two ways for states to evaluate the condition of various water bodies and estimate total maximum daily loads (TMDLs) in the United States: one is through in-stream measurements and sampling, and the other is through modeling the response of streams to storm runoff and pollution loadings. Some states lack the resources to assess and protect water bodies with monitoring data alone. One practical solution is through modeling the streams' response to storm runoff and pollution loadings. To do this, the USEPA developed the Better Assessment Science Integrating Nonpoint Sources (BASINS) Decision Support Tool (DST), a multipurpose environmental analysis system for assisting regional, state, and local agencies in their assessment obligations (USEPA, 2001) .
Th e primary goal of the NASA Earth Science Applications Program is to extend the benefi ts of NASA's Earth science research and satellite measurements to the broader community. To do this, NASA has identifi ed eight applications of national priority, one of which is water resources with a water quality subcategory. Th e general approach that NASA has used is to partner with an applications organization to see if the infusion of NASA data or research can improve the performance of their DSTs. Specifi cally, NASA and the USEPA entered a Memorandum of Understanding (MOU) to support the use of Earth science products within the USEPA's DSTs. As a follow-on to this MOU, NASA partnered Abbreviations: BASINS, Better Assessment Science Integrating Nonpoint Sources; CBP, Chesapeake Bay Program; DST, Decision Support Tool; GIS, geographic information system; HSPF, Hydrological Simulation Program-Fortran; LIS, Land Information System; NLDAS, North American Land Data Assimilation System; TMDL, total maximum daily load.
with the USEPA to assess remote sensing and model products for use to improve USEPA's nonpoint source water quality modeling. Th e Chesapeake Bay watershed was selected as a test site for possible broader application. In this area, NASA products derived from Earth science information, models, technology, and other capabilities are used by the partners' DSTs to help them meet their water management responsibilities.
Accuracy in modeling streamfl ow and runoff is essential for estimating water quality and establishing TMDLs at locations within the watershed. Models play a central role in TMDL estimation because they serve as a means for making predictions that can help attain water quality standards and provide feedback concerning the eff ectiveness of diff erent actions to limit pollutants (U.S. National Research Council, 2001 ). Pollutant concentrations usually have a high correlation to streamfl ow, which is weather dependent (Stow and Borsuk, 2003) . Quantitative measures or estimates of streamfl ow are needed to defi ne concentrations of water quality constituents. Th e problem of nonpoint-source pollution is a complex issue spatially and temporally. To overcome these shortcomings, Aqua Terra Consultants, a contractor to the USEPA responsible for development and support of BASINS, has developed a continuous hydrologic simulation model known as Hydrologic Simulation Program-Fortran (HSPF) in BASINS (Donigian et al., 1995; Bicknell et al., 1997) . Th e HSPF model simulates streamfl ow and nonpoint source runoff with pollution loadings, combines them with point source contributions, and performs fl ow and water quality routings through the watershed channels. Th e HSPF model calculates continuous streamfl ow rates and the corresponding pollutant concentrations at the watershed outlet. Unfortunately, BASINS-HSPF, using the default datasets, relies on point-based monitoring meteorological and pollution measurements. Th ese measurements may be unable to capture the spatial heterogeneity of precipitation events, especially if they are few and far between, as we found in the Chesapeake Bay watershed. Th e unique capabilities provided by NASA state of the art satellite remote sensing and modeling data and data products have signifi cant potential to address critical defi ciencies for USEPA modeling of spatially and temporally variable nonpoint-source pollution. Our premise is that by incorporating NASA remote sensing data into BASINS-HSPF, many of the critical input variables, such as precipitation, can be improved spatially (Liliang et al., 2003) . A more seamless dataset will better represent the spatial heterogeneity of precipitation events, especially summer convective storm events. In this way, satellite gridded data and data products might enhance BASINS-HSPF output results, leading to better decisions regarding water quality and, subsequently, to better management of nonpoint pollution and improvement of the nation's water resources.
Materials and Methods

Study Area
Seven watersheds within the Chesapeake Bay drainage basin were selected for this study (Fig. 1) . Th e following criteria were used within a geographic information system (GIS) to assist in selecting the study watersheds: spatial diversity or dispersed locations within the drainage basin, area between 50 and 200 miles 2 , absence of reservoirs or diversions, and presence of water quality data. Each watershed was also chosen to represent specifi c topographic and land cover and land use characteristics so that the study could be conducted within a range of elevations and land cover types. Th ese characteristics were subjectively selected based on the National Elevation Dataset (Gesch et al., 2002) and the 1992 National Land Cover Dataset (Vogelmann et al., 2001) (Fig. 2) and, collectively, provide a wide range of land cover, land use, and topographic variety (Table 1) .
Planning and Design
In considering what strengths a potential NASA contribution could make to improving the application of BASINS to different physiographic regions, this study focused on the spatial and temporal characteristics of remote sensing data and data products. Other models in BASINS, such as PLOAD, were not considered for this study because the USEPA considered a continuous simulation model to be critical for a realistic rep- resentation of watershed processes. SWAT was not considered because it did not exist in BASINS when this project began. Th e matching of NASA capabilities and BASINS needs has led us to focus on the HSPF model. Th e HSPF model simulates the hydrology and associated water quality processes on pervious and impervious land surfaces and in streams and well mixed impoundments. Th e HSPF model is a lumped parameter, continuous streamfl ow simulation model based on the Stanford Watershed Model and requires land use, channel reach, meteorological data, and information on expected pollutants. Th e HSPF model is designed to interact with BASINS utilities and datasets to facilitate the extraction of appropriate information and the preparation of model input fi les (Donigian et al., 1995; Bicknell et al., 1997) .
Atmospheric Forcing Data
Th e major emphasis of this study is the use of NASA products to improve forcing functions, specifi cally precipitation, to improve the performance and accuracy of BASINS. Th e timing and amount of precipitation is crucial for the transport and concentra- tion of pollutants. NASA modeling and remote sensing products were matched against the existing inputs to BASINS. Improved forcing for HSPF focused on improving the accuracy of meteorological data at appropriate temporal and spatial resolutions to ensure the quality of the modeling results. Typically, hourly station data maintained by NOAA or other organizations are used in HSPF modeling. However, many instances occur in which there are no nearby meteorological data available from ground-based stations for a watershed of interest. In such instances, estimates are usually made by using data from the closest stations, which are frequently too far away to represent accurately the precipitation events occurring within the watershed. For example, in our study area of Pocomoke, the nearest station with a complete precipitation record for the study period is 124 km away ( Table 2) .
Two of the data NASA data assimilation products were selected to replace weather station precipitation data and were used to improve forcing data within BASINS-HSPF. Each is described briefl y as follows:
1. North American Land Data Assimilation System (NLDAS) 1/8th degree precipitation: Th e Land Data Assimilation System (LDAS) ingests satellite-and ground-based observational products as data for parameterizing, forcing, constraining, and evaluating a suite of sophisticated land surface models (LSMs) to generate optimal fi elds of land surface states (e.g., soil moisture, snow water storage, and soil temperature) and fl uxes (e.g., evapotranspiration, runoff , and sensible heat fl ux) (Cosgrove et al., 2003) . Th e Land Information System (LIS) software, which is a sister project of and has been developed to streamline and parallelize NASA's LDAS (Kumar et al., 2006) , drives multiple offl ine (not coupled to the atmosphere) land surface models, executes globally at a range of resolutions (2.5 degree to 1 km), and is capable of producing results in near-real time.
Th e NLDAS 1/8th degree product is hourly observed precipitation data derived from a combination of NOAA's daily National Center for Environmental Prediction Climate Prediction Center (NCEP-CPC)gauged-based precipitation analyses and hourly National Weather Service Doppler radar-based (WSR-88D) precipitation analyses, wherein the hourly radar-based analyses are used to temporally disaggregate the daily Climate Prediction Center values. North American Land Data Assimilation System forcing uses the Stage II Doppler radar product, constrained by the Climate Prediction Center 0.25 degree spatially interpolated product, readjusting the hourly Stage II precipitation based on the 0.25-degree gauged totals (Cosgrove et al., 2003) . 2. Stage IV 4 km precipitation: Hourly 4 km precipitation values derived by the NOAA River Forecast Center Multisensor Precipitation Estimator. Stage IV benefi ts from manual quality control at the local River Forecast Centers, unlike the Stage II, which has no manual quality control. Th is product is generated at NCEP from radar and gauged data directly (Lin and Mitchell, 2005) . Th ese data are preliminary estimates of what one can expect in the future LIS precipitation products that would include TRMM and other satellite inputs.
Watershed Delineation
After the NASA data products were chosen, the development of methods and techniques for using them in BASINS had to be devised and tested. Th e HSPF model can be run on a single watershed or a system of multiply connected subwatersheds that have been delineated based on elevation datasets such as the National Elevation Dataset with the BASINS "Watershed Delineation" tool within Arcview (BASINS v.
3) or open source MapWindow GIS (BASINS v.4). For default runs, the watershed was not subdivided because the precipitation values used were from a single weather station that represented precipitation events over the entire watershed. For the NLDAS and Stage IV runs, a new method for delineation had to be developed to get the maximum benefi t of these higher resolution datasets. To do this, each selected watershed was subdivided further into subwatersheds that approximated the grid square for input (1/8th degree or 4 km) of the grid-based NASA data. Th is step was done by overlaying the watershed with the LDAS or LIS grid and identifying a point on the boundary of the grid where an outfl owing stream crossed it (Fig. 3) . Each subwatershed was assigned the precipitation value from the corresponding grid square by which it was delineated. Within BASINS, the process of watershed subdivision is known as segmentation. Segmentation allows the modeler to develop subareas of the watershed with uniform parameters and meteorological inputs that are connected by a reach network. At this point, BASINS would assign an outlet. Th e BASINS Automatic Watershed Delineation tool was then used to set up HSPF to accept the gridded NASA input data.
Model Calibration
Calibration for HSPF is a necessity. Because HSPF is a conceptual model, its parameters often do not have simple relationships with fi eld measurements. Although studies have shown that HSPF often yields superior results over other hydrologic models (Johnson et al., 2003; Nasr et al., 2007) , adequate calibrations have been the key for HSPF accurate model predictions. Th e project used two diff erent approaches to deal with the selection of HSPF calibration values. One calibration approach for HSPF involves subjective parameter fi tting, which is time consuming, is not reproducible, and requires expert knowledge of the region's meteorology and hydrologic properties as well as experience (Table 3) . Additional nonpervious land segment parameters (NSUR and RETSC) were calibrated for northeast Anacostia because of its large urban area. Parameters related to interaction with deep aquifers (BASETP and DEEPFR) were set to zero because this activity is unlikely in this region. Th is setting is consistent with the Chesapeake Bay Program's (CBP) calibration parameters. For this study, the pre-existing HSPF calibration values were applied to the watersheds within the Chesapeake Bay basin. Th e CBP had already calibrated the HSPF model in many of its watersheds and established these calibration values based on average county soils, topography, and land use for each county in the basin. Th ey maintain a HSPF parameter dataset at the county level, which is slightly larger than the basins used in this study. Watersheds that covered more than one county used the value from the county that overlapped the majority of the watershed. No attempt was made to improve the hydrograph fi tting through manual calibration. Th e approach taken here was that the CBP parameters were quite good and that any improvement through use of the NASA forcing data would be evident without further calibration.
Model Runs
Th e default runs were conducted to mirror what the USEPA or a contractor would do if they were establishing TMDLs for a selected watershed. Th is involved the USEPA Offi ce of Water specifying the use of Chesapeake Bay Program calibration values and using meteorological data from the nearest weather station. Th e selection of the nearest weather station is also applicable in sparse regions where limited precipitation gauge data are restricting. Th e chosen watersheds had continuous streamfl ow measurements for the period of 2001 through 2004, except for Little River, where measurements only existed from 2002 through 2004. Th is period was selected so that the runs would match the LDAS and LIS records that were readily available. A 1-yr spin-up time was used when running the model. Th e default model runs established the baseline against which future model runs using NASA data inputs would be compared to see if any improvement in model performance was achieved. Improvements were indicated using the suite of statistical measures used in BASINS, including correlation coeffi cient, coeffi cient of determination, percent mean error, mean absolute error, root mean squared error, and Nash-Sutcliff e model fi t effi ciency. A modifi ed NashSutcliff e absolute diff erence statistic was calculated outside of HSPF (Legates and McCabe, 1999) . Like the Nash-Sutcliff e model fi t effi ciency statistic, the modifi ed version measures the goodness-of-fi t of simulated and measured data to a 1:1 line representing a perfect fi t, but, instead of consisting of a squared term as in the original, it inserts an absolute value to reduce the sensitivity of the measure to outlying values in the dataset (Fitzhugh and Mackay, 2000) . For each statistic, the results from the default runs were compared to USGS measured streamfl ow and water quality parameter concentrations at various points in the watershed using graphical plots, hydrographs, and statistical measures, and the results are not particularly good. Th e plan was to incrementally force the HSPF model with input data from the LDAS/LIS to see if the fi t between measured and model-derived results could be improved. Th ese procedures were then validated by running similar experiments to analyze the impacts of NASA inputs on the other selected watersheds within the Chesapeake Bay basin. Th ree diff erent fl ow conditions were analyzed for each study watershed. First, the annual fl ow was calculated for each year using the default and improved forcings. Subsequently, with the assistance of hydrographs, some low-fl ow periods and several convective summer storms were subjectively selected for each watershed from the observed data before the model was run.
Results and Discussion
Th e results for all seven watersheds revealed that (i) the annual correlation coeffi cients improved in 85% of the runs and the Nash-Sutcliff e statistics improved in 78% of the runs when using NLDAS or Stage IV precipitation, (ii) the low-fl ow correlation coeffi cients and the Nash-Sutcliff e statistics improved in 79% of the runs when using NLDAS or Stage IV precipitation, and (iii) the convective storm correlation coeffi cients and the Nash-Sutcliff e statistics improved in 89% of the runs when using NLDAS or Stage IV precipitation (Tables 4-6). Stage IV § 0.87 0.68 † The default statistics represent use of the nearest weather station data. ‡ The North American Land Data Assimilation System (NLDAS) 1/8th statistics represent the results from the NASA-derived data for subdivided watersheds that correspond to the 1/8th degree grid. § Best performing precipitation dataset(s) for each set of runs. ¶ The Stage IV statistics represent the results from using the Stage IV precipitation data for subdivided watersheds corresponding to the 4 km grid. The same calibration values were used for the default, NLDAS, and Stage IV runs.
# NA, data not available for the time period. In almost every event and scenario, either the NLDAS or the Stage IV precipitation dramatically improved HSPF model performance. In most cases, little diff erence exists between the NLDAS and Stage IV precipitation results. Both improved HSPF performance, but neither one was consistently better than the other (Fig. 4 and 5) . Th e NLDAS and Stage IV were better able to capture the eff ects on fl ow during convective storm periods that occur frequently in the summer months. Th is is due to the seamless coverage of the datasets as opposed to a single weather station that cannot represent all precipitation events in a given watershed. Although the NLDAS and Stage IV data improved the Nash-Sutcliff e model fi t effi ciency statistic, the improvement is still not optimal in several cases. Th is can be explained spatially because if the precipitation value recorded at a single station is replaced with a value from a grid cell representing an area, some of the more intense precipitation events will be averaged out, resulting in values that under-represent the peak fl ow periods. We did not attempt to optimize the calibration to improve the Nash-Sutcliff e statistic because the main purpose of the study was to look at whether or not substituting the default precipitation data with NASA-modifi ed products would improve the statistics.
A limitation that exists when trying to incorporate NASA data into HSPF is its reliance on fi tting calibration parameters. Although many of the model parameters would appear to have a physical signifi cance (UZSN, INFILT, etc.), they are simple fi tting parameters. Th e advantage of a model with many fi tting parameters is that if one has good streamfl ow and meteorological data, one can eventually produce a very good fi t to the measured data. Th e disadvantage is that because these parameters do not represent real hydrologic states or variables, one has no capability to see if substituting real states (e.g, soil moisture) or variables (e.g., ET) would improve model performance.
Delineation Eff ect
In this study, the watershed delineations changed based on the corresponding precipitation data that were tested (Fig. 3) . As a result, the delineation data, as well as the precipitation data, infl uence the nature of the statistical results. To take this delineation eff ect into account, streamfl ow based on the default weather station and NLDAS precipitation data was recomputed using the higher-resolution Stage IV 4 km segmentation. Th is was performed for all 27 storm periods for each of the seven watersheds. Th e recalculated correlation coeffi cient and Nash-Sutcliff e show that the actual values changed, but use of Table 5 . Results for annual, low fl ow, and storm period runs for all seven watersheds. The integers represent the number of instances a specifi ed precipitation dataset (default, NLDAS 1/8th, or Stage IV) outperformed the other for the particular statistic. For example, streamfl ow for three convective storms in Little River were computed. There is one instance for each precipitation dataset where it outperformed the others when calculating the correlation coeffi cient. For the Nash-Sutcliff e, the default dataset outperformed the others in one run, whereas NLDAS outperformed the others in two runs. The number of outperforming instances may not match up to the number of computed streamfl ows if more than one dataset resulted in the same statistical value.
the NLDAS or Stage IV datasets still showed improvement in the majority of the streamfl ow runs. Th e results are as follows for the correlation coeffi cient (Table 7) : stream fl ow calculations improved in ~67% (30% NLDAS/26% Stage IV/11% NLDAS-Stage IV match) of the runs when using NLDAS or Stage IV precipitation and in ~19% when using the default weather station. Matching correlation coeffi cients were produced between the default and the NASA-modifi ed datasets in ~15% of the runs. Th e results are as follows for the NashSutcliff e model fi t effi ciency (Table 7) : streamfl ow calculations improved in ~70% (33% NLDAS/37% Stage IV) of the runs when using NLDAS or Stage IV precipitation and in ~30% when using the default weather station.
As expected, the subdivision of the watersheds into smaller units changed the results of the default predicted streamfl ows, in some cases improving the correlation coeffi cient and NashSutcliff e values and in some cases resulting in lower values. It is clear from this analysis that the improved spatially distributed precipitation from the NLDAS and Stage IV data overwhelmingly improved the simulations in a variety of watershed conditions. Th is is not unexpected because better precipitation should yield a better simulation. Th e main conclusion and message from this paper is that now the user of the BASINS-HSPF simulation system has an alternative to using the nearest measured precipitation data. Th e NLDAS and Stage IV data are available for anyone to use and produce more accurate runoff simulations, especially in areas where measured precipitation values are many kilometers away from the watershed under study.
Summary and Conclusions
Th is study revealed that the use of NASA-derived precipitation data improves model performance. Th is should not come as a surprise because precipitation is the major driver of the rainfall-runoff process, and a more accurate estimate will result in improved simulation results, even for a lumped model. Th ere is no demonstrable advantage for using the Stage IV data over the NLDAS 1/8th degree data based on our results, especially considering the greater amount of work necessary to set up the model runs for the Stage IV and the questionable watershed delineations at those scales. Th e greater amount of work is due to having to manually assign the Stage IV precipitation values to the corresponding reaches created from the basin delineation based on higher-resolution Stage IV grid cells. Th e more grid cells and precipitation values, the more reaches created and the more manual editing involved. Th e result of this study is important in that the USEPA now has an alternative for developing the precipitation data other than from the nearest weather station, which may be many kilometers away. Because pollutant concentrations usually have a high correlation to streamfl ow and streamfl ow, in turn, is weather-dependent, modeling streamfl ow in BASINS using NASA-modifi ed seamless precipitation coverage of a watershed is important for assessing pollution and for guiding the decision-making process for improving water quality. NASA is currently working with Aqua Terra Consultants, the Goddard Earth Sciences Data and Information Services Center, and the USEPA to incorporate NLDAS precipitation access within BASINS-HSPF, providing users with an alternative dataset. Th e data and methodology will also be described in the USEPA handbooks of procedures. Th is will be especially valuable for cases where the nearest weather station is many kilometers outside of the watershed and also for data-sparse areas. In time, this could also expand the potential use of BASINS to parts of the world where good meteorological data are lacking. 
